Introduction
The semi-closed subcutaneous removal of the long saphenous vein was first described by Mayo in 1906 [25] . Its use in coronary artery bypass surgery has been described in two series of more than two thousand patients [8, 26] . Their experience confirmed few technical problems, minimal macroscopic trauma to the vein wall and preservation of endothelial morphology similar to traditional dissection. Further advantages included minimal blood loss, a reduction in leg wound infection and no clinical evidence of saphenous nerve damage or prolonged ankle oedema. In addition to symptomatic benefits the improved comfort led to improved early mobility.
These studies were not controlled or randomised and the observations were retrospective. There are,however, very few studies in the literature that have looked at vascular reactivity and surgical technique [7, 28] and there are no studies comparing the semiclosed technique with the Mayo stripper with the traditional open technique.
Factors that can affect the vasodilator/vasoconstrictor balance are thought to be important in determining short and long-term graft performance [7, 17] . There is a potential increase in the handling of the vein employing a subcutaneous extralu-minal dissecting technique which may be detrimental to the vascular reactivity and performance of the vein as a conduit. The purpose of this study was to examine the contractile responses of autologous undistended saphenous vein comparing the Mayo technique and traditional dissection in the same patient.
2. Methods
Harvesting of tissue
Saphenous vein was harvested by a single surgeon from twelve patients undergoing elective coronary artery bypass grafts to three or more vessels including the use of the internal mammary artery (IMA). Six centimetres of undistended vein which proved to be surplus to requirement was also sent for analysis. The long saphenous vein was identified at the ankle through a 4-cm incision. The first 2 cm were removed 'en bloc' with surrounding adventitia to minimise handling and transferred immediately to cold tissue culture medium (Tyrodes solution, T199). This was the control specimen. The following 2 cm were procured by stripping the perivascular tissues and adventitia off with sharp dissection mimicking th,e traditional open technique ('open' specimen). It is our usual practice to store the harvested vein in heparinised autologous blood prior to grafting. This 'open' specimen was therefore transferred into heparinised blood for 45-50 min while the internal mammary was harvested and the heart prepared for bypass. The remainder of the vein was taken by the subcutaneous extraluminal technique using the modified Mayo stripper and technique as described by Dimitri et al. [8] . The vein was harvested with minimal traction and intermittently bathed in heparinised buffered saline to prevent desiccation. The final 2 cm were removed from the distal end of the harvested vein prior to distension (Test specimen). The time taken to harvest the vein was nolted. The test specimen and the 'open' specimen were then placed in T199 solution. Care was taken to avoid any side branches on the specimens to aid laboratory investigation and dissection. The Control, Open and Test specimens were undistended.
Experimental setup
Saphenous vein segments from all three groups were treated in an identical manner. Adventitia and perivascular tissues were removed from around the vessel segments under a dissecting microscope with minimal handling. Vessel segments were cut in duplicate from the middle of the vessel specimen with two scalpel blades fixed apart a distance of 3 mm.
Each segment was then mounted on two L-shaped metal hooks in 5 ml organ baths containing modified Tyrode's solution with millimolar composition of 136.9 NaCl, 11.9 NaHCO,, 2.7 KCl, 0.4 NaH,PO,, 2.5 MgCl,, 2.5 CaCl,, 0.04 EDTA, and 11.1 of glucose. One metal hook was attached to a screw guage while the other was fixed to a Grass FTO-3C force-displacement transducer, monitored by a Gould SC284/288 pen recorder, which recorded changes in vessel tension. Vessel segments were perfused continuously with 95% 0, and 5% CO, and maintained at 37°C.
Vessel normalization
After a stabilization period of 20 min, vessel segments were set by progressively stretching, to tensions according to their passive-force diameter relationship. This method has previously been described and used for in vitro human blood vessel experiments [16] . The resting tension applied to each ring segment was equal to the amount required to stretch the vessel to 90% of its internal circumference pressure when the transmural pressure is put under a physiological pressure of 20 mmHg.
Saphenous vein segments were stretched in progressive steps and the passive wall tension was measured [16] . The associated transmural pressure (P, mmHg) was determined from measurements of the circumference of the segment (L) and tension (7') derived from the Laplace relationship: P = T/D (D = diameter). The intersection of the theoretical isobar (T = r -PZO, where transmural pressure, P, is 20 mmHg) and the exponential curve for the points relating the stretch circumference and wall tension at each stage was computed. The intersection of these two curves gave the internal circumference (&) of the vein when stretched to the equivalent transmural venous pressure in the standing position. After this period of stretching the vein was then relaxed to a circumference which was equal to 0.9 x L,, and this stretch was maintained for the entirety of the experiment, this passive force being the optimal stretch for vascular wall reactivity.
Assessment of smooth muscle contractile response
The maximum contractile response of each vessel segment was then assessed on two separate occasions with the addition of 90 mM KCl. Tissues were then washed with modified Tyrode's solution when each response had reached a plateau and then allowed to return to baseline tension.
After a 20-min stabilisation period the vasoconstrictor and vasodilator responses of vessel segments in each group was assessed. The vessel segments were first constricted and then dilated.
Vasoconstrictor responses
Receptor mediated vascular reactivity of a contractile response was assessed by the addition of increasing concentrations of either 5-hydroxytryptamine (5-HT) (1 x 10-'"-l x IO-' M) or noradrenaline (NA) (1 x 10 ~ lo-1 x 10 -5 M). Each drug was administered in half-log units and the response allowed to reach a plateau at each concentration before proceeding to the next incremental dose.
Vasodilator responses
Responses to the endothelium-dependent vasodilator acetylcholine (Ach) (1 x 10-'"-1 x 10 ~ 5 M) or the endothelium-independent vasodilator sodium nitroprusside (SNP) (1 x 1OW1o-1 x lop4 M) were assessed in vessel segments from each group. Prior to the addition of each vasodilator each vessel segment was placed under an active tension by the addition of 3 x 10 -' M 5-HT. Once the response had reached a stable plateau increasing concentrations of either Ach or SNP was administered in half-log units. Each response was allowed to attain a maximum effect prior to the addition of the next dose.
The contractile responses of 5-HT and NA were calculated as percentages of the maximum response to 90 mM KC1 at each drug concentration and expressed as the mean f standard error of the mean (S.E.M.).
The relaxation responses to Ach and SNP were calculated as percentage relaxation of the induced tone in response to 3 x 10 -' M 5-HT for each concentration and expressed as the mean + standard error of the mean (S.E.M.). Values for y1 refer to the number of patients studied.
One way analysis of variance (ANOVA), followed by a Bonfferoni t-test was used to examine any differences in response between the three groups. Values showing P < 0.05 were taken as significant.
Histological studies
At the end of the functional studies vein segment from each group was carefully removed from the metal hooks, mounted on filter paper and flash frozen in liquid nitrogen. Cross sectional areas of the tissues were then cut 6-mm thick in a cryostat at -20°C and mounted on slides, allowed to air dry before being stained with haematoxylin and eosin stains. At the same time other sections were cut and mounted on dot slides, allowed to air dry before fixing for 10 min in acetone. On removal from the acetone they were allowed to dry for 30 min before being stained with the monoclonal antibody EN4, a specific marker for endothelial cells. They were then visualised by means of streptavidin biotin-peroxidase complex detection system (SABC) using 3,3_diaminobenzidine to give a brown reaction product. All sections were then examined using a light microscope by a 'blinded' single observer.
One-year follow-up of vein graft patency
All the patients were invited to return at 1 year for non-invasive assessment of vein graft patency by magnetic resonance angiography (MRA) and thallium tomography. Both imaging techniques were performed at Royal Brompton Hospital. Magnetic resonance angiography was performed with a gradient echo, segmented k-space technique during a single breath-hold, with complete image acquisition in 16 cardiac cycles [2 1,291 using a 1.5-T scanner (Picker HPQ). The signal from the fat was suppressed using selective pre-saturation to improve recognition of intraluminal signal, and the images were gated to mid-diastole, during relative ventricular diastasis, to minimise artefact from cardiac motion during the signal read-out period. Though developed for coronary artery imaging, this technique has also been shown to be valuable for vein graft imaging for surgical decisions [37] . The investigation was performed and interpreted by an experienced physician who was blinded to the clinical and operative details. The MRA findings were compared with the number and position of the coronary artery bypass grafts as recorded in the operation notes.
Thallium tomography was performed using a dualheaded scanner (General Electrics Optima) following stress using adenosine infused at a rate of 140 pg kg min-' and combined with minor bicycle exercise to minimise effects from the coronary vasodilation [30] . Redistribution imaging was performed 4 h later to distinguish infarction (fixed defects) from reversible ischaemia (reversible defects). The preoperative history and operative evidence of myocardial infarct were compared to the thallium scan findings and correlated with the MRA. Confirmed vein graft occlusion was identified by failure of vein graft visualisation on MRA, and the presence of a new defect on thallium tomography in the correct territory. Because MRA may not identify a small number of patent grafts which can potentially lead to underestimated patency, and because occluded vein grafts may not cause perfusion defects which can lead to overestimated patency, the combined assessment allowed the identification of definite occlusions, and a reasonable estimate of the lower and upper limits of patency rate.
Results
All segments removed by each technique yielded similar responses following the addition of 90 mM KCl. The maximum contractile response to 90 mM KC1 for segments in the control group in millinewtons (mN) was 41.4 _+ 12.1 (n = 1 l), in segments removed by the open technique 35.8 + 11.1 (n = 1 l), and segments removed using the Mayo stripper the response was 33.7 + 15.9 (n = 11). Th.ere were no significant differences observed in this response between the three groups of vessel segments studied (Fig. 1). 
Receptor mediated effect
Similar concentration dependent contractile responses were observed in vein segments in response to 5-HT (1 x 1O-1o-1 x lo-' M) in all three groups. There were no significant differences observed with responses to 5-HT between each group at all concentrations of the drug (Fig. 2a) . A similar profile of effect was observed with the a'ddition of increasing concentrations of NA (1 x lo-"'-1 x 10m5 M). There was no significant difference olbserved in vessel segments removed by each of the three techniques (Fig. 2b) . 
Vasodilator responses
In vessel segments preconstricted with 3 x 10 -' M 5-HT (n = 11) a similar concentration-dependent relaxation to either the endothelium dependent agonist Ach or the endothelium independent agonist SNP was seen in all three groups. Maximum relaxation to Ach in the control group was 20 + 8 (n = 5), using the open technique 12 f 5,(n = 5) and in the Mayo stripper group 17 ) 13 (n = 5) (Fig. 3a) , while the response to SNP in the control group was 92 f 3 (n = 6), using the open technique 92 f 2 (n = 6) and in the Mayo stripper group 96 f 8 (n = 6), (Fig. 3b) . There was no statistical difference between any of these responses for each drug (P > 0.05).
Histological appearance
The vein sections were stained with haematoxylin and eosin to examine the endothelium, internal elastic lamina and media. No signs of damage were seen in any of the vein sections. Coverage of the vein lumen by endothelial cells as demonstrated by immunocytochemical staining using monoclonal antibody EN4, showed little variation between the differently treated segments from the same patient. Typically approximately 90-95% of the lumen was lined by endothelium although there was slight variation between patients (Table 1) .
One year graft patency
The 12 patients in the study were invited to return 12 months following their surgery for non-invasive assessment of vein graft patency and myocardial perfusion. Only ten patients were studied because one patient refused follow up investigation as he was very happy with the outcome of his surgery and another cancelled. -6 -7 -6 -6 log,, WI (W Fig. 2. (a) The vasoconstrictor response to 5-hydroxytryptamine (n = 11 for each group; P > 0.05 ANOVA, Bonferroni r-test). (b) The vasoconstrictor response to noradrenaline (n = 6 for each group; P > 0.05 ANOVA, Bonferroni t-test). These ten patients had ten left internal mammary and 27 vein grafts. All ten patients had thallium scanning, and nine patients had MRA, with one patient refusing MRA because of dyspnoea following the thallium scan. In these nine patients, MRA identified all nine internal mammary grafts and 22 of 24 vein grafts as being patent (patency estimate 92%). In seven patients, MRA identified all the grafts correctly, and in two patients MRA failed to identify one graft in each (both grafts in the left circumflex territory). Myocardial perfusion was assessed on the same day as the MRA in ten patients. The thallium scan revealed a new defect in three patients in territories corresponding to two circumflex and one intermediate graft territories (patency estimate 89%). In two of these three patients, an MRA had been performed and had failed to show a patent graft, thereby confirming occlusion. MRA was not performed in the remaining patient. Therefore, the l-year patency by non-invasive testing had lower and upper estimates of 89% by thallium scanning and 92% by MRA.
Discussion
It has been clearly demonstrated that graft patency following myocardial revascularisation is related to the integrity of the endothelium of the vein graft which can be damaged by the technique of procurement and preparation [l, 1522,341 . Metabolic changes in the intracellular amino acid pool are affected by surgical preparation which may affect functional recovery [36] . Endothelial integrity is required for the production of nitric oxide [5] inhibition of platelet deposition [31] and the inhibition of smooth muscle proliferation [12] . Surgically prepared veins frequently show partial endothelial denudation, medial cell injury [4, 32] neointimal thickening as assessed by thymidine labelling [4] , and a greater number of proliferating smooth muscle cells [21, 35] . There is also a decline in DNA concentrations during tissue culture, which implies injury has led to cell necrosis [34] . This may be due to the greater susceptibility of the vein to injury during harvesting when compared to examination of the internal mammary artery [18] . The vascular reactivity of the surgically prepared vein is also compromised and this correlates with loss of endothelium [3] .
The endothelial integrity of the long saphenous vein may be preserved by improving the storage medium of the vein [33] , avoiding excessive distension while testing the integrity of the vein [15, 22] , the topical application of vasodilator agents [17] and the inhibition of neointima formation with the use of cyclic nucleotide analogues [35] . Simple techniques to minimise procurement injury to the long saphenous vein have been described [ 17, 21, 33] . A no touch technique [13] is felt by some to be essential to the success of a conduit. Angelini has demonstrated that handling may have an important part in early graft thrombosis [2] . A particular concern with the semi-closed Mayo stripper technique is that side branches of the vein may be easily torn and then require suturing which may compromise the lumen of the vein and expose blood to suture material. It is this rationale and the perceived increase in the time to harvest the vein that has curtailed the wide spread acceptance of the Mayo stripping technique.
The Mayo stripper has been used by vascular surgeons [27] and two large series of patients undergoing coronary artery bypass grafts [8, 26] . The authors reported a significant reduction in morbidity. Dimitri et al reported a 3.75% leg wound infection rate compared to 12% in other series ]:9,38] and a 1.6% incidence of haematoma and a 3.7% incidence oedema. In addition 57 random samples were examined by scanning electron microscopy. Special attention was paid to the endothelial lining and sections showed no excessive trauma to the endothelium and particularly no evidence of distraction around the side branches. We were unable to examine the endothelium in the area of side branch insertion. Nevertheless, all side branches were carefully identified and secured with 4.0 silk ties. There were no side branch tears and therefore no requirement for vein wall sutures. The calculations of luminal cross-section and preparation of the vein for study in the organ baths excluded side branches and therefore we were careful to avoid side branches when harvesting the specimens. Single observer histological examination of the specimens in our study, however, showed no difference between the two methods of vein harvest.
The vascular tone and vasomotor reactivity are equally important to the success of the long saphenous vein (LSV) as conduit [6, 24] . The production of endothelial derived relaxing factor (EDRF), dependent on an intact endothelium, governs the vasomotor response and differs between saphenous vein and a mammary artery [39] and may explain the success of the mammary artery as a conduit [23] . However, there are few studies that examine the functional quality of the LSV and different techniques [6] . The function of the vein after harvesting by the Mayo stripper has not been previously reported. Our study was designed to test the vascular reactivity of the LSV procured by the 'open' traditional technique and by closed subcutaneous extraluminal dissection. The functional assessment of the veins was conducted in a blind manner with non-specific vasoconstrictor and vasodilators. The samples were also tested with the endothelial specific dilator Acetylcholine [lo, 11,191 . SNI? and NA were selected as vasodilator agents because they are commonly used post operative drugs in clinical practice. There was no statistically signiftcant difference in the vascular reactivity profile of the three samples. We were unable to distinguish the specimens on either functional or histological grounds. Vein harvested using the Mayo stripper appeared identical to vein taken by the open technique both functionally and morphologically.
It is our experience that it takes on average 20 min lonqer to harvest the LSV with the Mayo stripper. However, this does not increase the overall operating time. We took care to ensure that our vein samples were representative of the manipulation of the vein. Firstly the study has been concluded whilst we were on the iearliest part of our learning curve. Secondly, the distal segment of the long saphenous vein used in the test, group was that section of the vein that was subjected to maximum tension at the initiation of dissection and maximum exposure and risk of desiccation. The distal 2 cm is the only section of vein to be pulled though each and every stab incision in the leg. We studied only those patients requiring three or more grafts necessitating dissection beyond the knee. We therefore believe that the Test specimen was at maximal potential risk of injury.
We have demonstrated that the vascular reactivity of human long saphenous vein is not compromised by harvesting with the Mayo stripper. The Mayo stripper is in routine clinical use in a few cardiac centres, however, the long term patency of the vein graft harvested by this technique is not reported. Therefore the patients in our study were reassessed at l-year following surgery. Repeat coronary angiography was not performed for ethical reasons and therefore we performed non invasive assessment of myocardial function and coronary artery bypass patency using thallium scan and magnetic resonance angiography (MRA). The technique of non-invasive assessment of coronary artery bypass grafts with MRA is relatively new and image quality has been improved by acquiring the images witbin a breathhold to eliminate artifacts from respiratory movement [21] . A sensitivity of 94% and specificity of 81% has been reported in a study of 100 patients using more conventional non-breathhold magnetic resonance imaging [20] , but the newer technique has advantages of improved imaging and shorter imaging duration. Comparison with thallium imaging showed that in two patients in each of whom one vein graft could not be identified, a new fixed thallium defect was present in an appropriate territory confirming graft occlusion with infarction. In one last case, where thallium scanning was performed but not MRA, another fixed defect was found suggesting one further graft occlusion. Therefore the patency rate at 1 year is estimated at between 89 and 92% in this study. We recognise the limitations of estimating graft patency on a small population at only one year. However, these findings suggest that vein graft patency and myocardial perfusion has not been compromised by using the Mayo stripper, because the reported patency of vein grafts at one year is in the order of 80% [14] . We have adopted this technique routinely and will have a larger cohort of patients to investigate in the future.
Conclusion
We have shown that the harvesting of the long saphenous vein with the Mayo stripper does not compromise vascular reactivity of the saphenous vein nor one year patency, and yet achieves an improved cosmetic and functional result for the patient (Fig. 4) . This may have important clinical and cost implications, by allowing earlier mobilisation and earlier discharge from hospital.
